We report extensive first-principles calculations of the inelastic lifetime of low-energy electrons in the noble metals Cu, Ag, and Au. The quasiparticle self-energy is computed with full inclusion of exchange and correlation ͑XC͒ effects, in the framework of the GW⌫ approximation of many-body theory. Although exchange and correlation may considerably reduce both the screening and the bare interaction of hot electrons with the Fermi gas, these corrections have opposite signs. Our results indicate that the overall effect of short-range XC is small and GW⌫ linewidths are close to their XC-free G 0 W 0 counterparts, as occurs in the case of a free-electron gas.
We report extensive first-principles calculations of the inelastic lifetime of low-energy electrons in the noble metals Cu, Ag, and Au. The quasiparticle self-energy is computed with full inclusion of exchange and correlation ͑XC͒ effects, in the framework of the GW⌫ approximation of many-body theory. Although exchange and correlation may considerably reduce both the screening and the bare interaction of hot electrons with the Fermi gas, these corrections have opposite signs. Our results indicate that the overall effect of short-range XC is small and GW⌫ linewidths are close to their XC-free G 0 W 0 counterparts, as occurs in the case of a free-electron gas. 
I. INTRODUCTION
Relaxation lifetimes of excited electrons with energies larger than 1 eV are mainly dominated by electron-electron ͑e-e͒ inelastic interactions of the excited electron with the electrons in the valence bands of the solid. The inelastic lifetime of these so-called hot electrons has been investigated for many years on the basis of the free-electron gas (FEG) or jellium description of the solid, [1] [2] [3] in which a homogeneous assembly of interacting electrons is assumed to be immersed in a uniform positive background. Nonetheless, timeresolved (TR) two-photon photoemission (2PPE) experiments [4] [5] [6] [7] [8] [9] [10] [11] and ballistic electron-emission spectroscopy (BEES) (Ref. 12 ) have shown that band-structure effects play a key role in the decay mechanism.
The first theoretical investigations of the hot-electron dynamics which take into account explicitly the band structure of the solid were performed only a few years ago. 13, 14 Since then, first-principles calculations of the e-e scattering have been reported for simple, 15 noble, [16] [17] [18] and transition metals. [19] [20] [21] Nevertheless, all existing calculations have been performed within the G 0 W 0 approximation of many-body theory, 22 with no inclusion of exchange and correlation (XC) effects.
In this work, we go beyond the G 0 W 0 approximation by including XC effects both in the description of the dynamical screening of the many-electron system [we go beyond the random-phase approximation (RPA) in the evaluation of the screened interaction W] and in the expansion of the electron self-energy in terms of W. This is the GW⌫ approximation, 23, 24 which treats on the same footing XC effects between pairs of electrons within the Fermi sea (screening electrons) and between the hot excited electron and the Fermi sea. Mahan and Sernelius 23 showed that the inclusion of the same vertex function in the screened interaction and the numerator of the self-energy yields results for the bandwidth of a homogeneous electron gas very similar to those obtained in the G 0 W 0 approximation, due to a large cancellation of vertex corrections. Nonetheless, due to the wellknown differences between the dynamical response of the noble metals and the homogeneous electron gas, the impact of exchange and correlation on the relaxation of hot electrons in these materials required further investigation. Our first-principles calculations start by solving selfconsistently the Kohn-Sham equations of density functional theory (DFT), 25, 26 within the local density approximation (LDA) and with the use of a plane-wave expansion of the single-particle Kohn-Sham Bloch states. The electron-ion interaction is described by a nonlocal, norm-conserving ionic pseudopotential, 27 by keeping all d electrons as valence electrons. The single-particle Bloch states are then used to compute the GW⌫ electron self-energy and hot-electron inelastic lifetimes. For comparison, we also compute G 0 W 0 , G 0 W, and GW 0 ⌫ decay rates, with no inclusion of XC effects, with inclusion of XC effects beyond the RPA in the screened interaction W, and with inclusion of XC effects beyond the G 0 W 0 in the expansion of the electron self-energy in terms of the RPA screened interaction W 0 , respectively. Our results indicate that the overall effect of short-range XC is small and GW⌫ linewidths are close to their G 0 W 0 counterparts, as occurs in the case of a FEG.
In order to establish the role that occupied d states play in the relaxation of hot electrons in the noble metals, we also use a pseudopotential with all d electrons assigned to the core. We find that a major contribution from occupied d states participating in the screening of e-e interactions yields lifetimes of low-energy excited hot electrons that are larger than in the absence of d states by a factor of ϳ2 in Cu and by a factor of ϳ2.5 in Ag and Au. This paper is organized as follows. Explicit expressions for the electron decay rate (inelastic lifetime broadening) in a FEG and periodic crystals are derived in Sec. II, in the GW⌫ approximation of many-body theory. The results of numerical calculations of hot-electron lifetimes in the noble metals Cu, Ag, and Au are presented in Sec. III. The summary and conclusions are given in Sec. IV. Unless stated otherwise, atomic units are used throughout, i.e., e 2 = ប = m e =1.
II. THEORY
Let us consider an arbitrary many-electron system of density n 0 ͑r͒. In the framework of many-body theory, the damping rate or reciprocal lifetime of a quasiparticle in the singleparticle state i ͑r͒ of energy i ( i Ͼ F , F being the Fermi energy) is obtained as the projection of the imaginary part of the electron self-energy ⌺͑r , rЈ ; i ͒ over the quasiparticlestate itself
Within many-body perturbation theory, it is possible to obtain the electron self-energy as a series in the bare Coulomb interaction v͑r , rЈ͒, but due to the long range of this interaction such a perturbation series contains divergent contributions. Therefore, the electron self-energy is usually rewritten as a series in the frequency-dependent screened interaction W͑r , rЈ ; ͒. To lowest order in the screened interaction, the self-energy is obtained by integrating the product of the interacting Green function G͑r , rЈ , i − ͒ and the screened interaction W͑r , rЈ ; ͒, and is therefore called the GW self-energy. If one further replaces the interacting Green function by its noninteracting counterpart G 0 ͑r , rЈ , i − ͒, one finds the G 0 W self-energy and from Eq. (1) the following expression for the G 0 W lifetime broadening:
where the sum is extended over a complete set of single- which includes all powers in W beyond the G 0 W approximation.
A. Free-electron gas
In the case of a uniform FEG, there is translational invariance in all directions, the single-particle states entering Eqs.
(2) and (5) are momentum eigenfunctions k ͑r͒ = exp͑ik · r͒ of energy k = k 2 / 2, and Eq. (2) is easily found to yield
the integral being subject to the condition that F Ͻ k−q Ͻ k , and W͑q , ͒ being the Fourier transform of the screened in- 
B. Periodic crystals
For periodic crystals, the single-particle states entering Eq. (2) are Bloch states k,i ͑r͒ and k−q,f ͑r͒ with energies k,i and k−q,f , i and f denoting band indices. Hence, Eq. (2) yields
where the integral is extended over the first Brillouin Zone (BZ), the vectors G and GЈ are reciprocal-lattice vectors,
and W G,G Ј ͑q , ͒ denote the Fourier coefficients of the screened interaction W͑r , rЈ ; ͒, which are usually expressed as
v G ͑q͒ =4 / ͉q + G͉ 2 being the Fourier transform of the bare Coulomb interaction, and ⑀ G,G Ј −1 ͑q , ͒ being the so-called inverse dielectric matrix. We remark that for a given hot-electron energy there are in general various possible wave vectors and bands. Since Sk,i −1 = k,i −1 , S denoting a point-group symmetry operation in the crystal, one only needs to consider states inside the irreducible wedge of the BZ (IBZ). An energy-dependent reciprocal lifetime −1 ͑͒ can then be defined by doing a weighed average over all wave vectors and bands lying with the same energy in the IBZ.
In the G 0 W 0 approximation, the XC kernel f XC ͓n 0 ͔͑r , rЈ ; ͒ entering Eqs. (4) and (8) is set equal to zero. Hence, in this approximation the dielectric matrix is
͑q , ͒ being the Fourier coefficients of the noninteracting density-response function of Eq. (5):
Couplings of the wave vector q + G to wave vectors q + GЈ with G GЈ appear as a consequence of the existence of electron-density variations in the solid. If these terms, representing the so-called crystalline local-field effects (LFE), are neglected, one can write Eq. (10) as
This expression accounts explicitly for the three main ingredients entering the hot-electron decay process. First of all, the coupling of the hot electron with available states above the Fermi level is dictated by the matrix elements B k,i;k−q,f ͑G͒. Secondly, the imaginary part of the dielectric matrix ⑀ G,G ͑q , k,i − k−q,f ͒ represents a measure of the number of states available for the creation of e-h pairs with momentum and energy q + G and k,i − k−q,f , respectively. Thirdly, the dielectric matrix in the denominator accounts for the many-body e-e interactions in the Fermi sea, which dynamically screen the interaction with the external hot electron.
G 0 W approximation
In the G 0 W approximation, the Fourier coefficients W G,G Ј ͑q , ͒ still take the form of Eq. (12), but with the inverse dielectric matrix now given by the following general expression:
where G,G Ј ͑q , ͒ are the Fourier coefficients of the interacting density-response function of Eq. (4):
f G,G Ј XC ͓n 0 ͔͑q , ͒ being the Fourier coefficients of the XC kernel of Eq. (6). In the ALDA,
GW⌫ approximation
In the GW⌫ approximation, the lifetime broadening is still of the form of Eqs. (10)- (12) 
III. RESULTS AND DISCUSSION
In the calculations presented in this section, all the singleparticle Bloch states and energies entering Eqs. (10), (11) , and (14) are taken to be the eigenfunctions and eigenvalues of the LDA Kohn-Sham Hamiltonian of DFT. We expand the single-particle Bloch states in a plane-wave basis, we invoke the LDA with the Perdew-Zunger parametrization 30 of the quantum Monte Carlo uniform-gas XC energy of Ceperly and Alder, 31 and we describe the electron-ion interaction with the use of a nonlocal, norm-conserving ionic pseudopotential. 27 Cu, Ag, and Au are noble metals with entirely filled nd bands, n being 3, 4, and 5, respectively. Slightly below the Fermi level (at − F ϳ 2 eV in Cu and Au, and at − F ϳ 4 eV in Ag) there are d bands capable of holding 10 electrons per atom. The one remaining ͑n +1͒s electron per atom occupies a free-electron-like band below and above the d bands. Hence, a combined description of the localized nd 10 and delocalized ͑n +1͒s 1 electrons is needed in order to address the actual electronic response of these materials.
The results presented below have been found by either keeping all nd 10 and ͑n +1͒s 1 electrons (full calculation) or keeping only the ͑n +1͒s 1 electrons (s calculation) as valence electrons in the generation of the pseudopotential. The full calculation has required a kinetic-energy cutoff as large as 75 Ry. 37 Well-converged results have been found for all hotelectron energies under study ͑0.5 eVഛ− F ഛ 3.5 eV͒, with the inclusion of conduction bands up to a maximum energy of ϳ25 eV above the Fermi level. Samplings of the BZ have been performed on a 20ϫ 20ϫ 20 mesh containing 256 points in the IBZ, although well-converged results have sometimes been obtained on 16ϫ 16ϫ 16 meshes. Reciprocal-space sums have been extended over 15G vectors, the magnitude of the maximum momentum transfer q + G being well over the upper limit of ϳ2q F , q F being the Fermi momentum.
A. Copper Figure 1 shows our full first-principles GW⌫ calculation of the average lifetime ͑E͒ of hot electrons in Cu (solid circles), as obtained in the ALDA from Eqs. (10)- (12) We note from Fig. 1 that XC effects yield hot-electron lifetimes that are larger than in the absence of exchange and correlation by no more than ϳ3% in the whole hot-electron energy range under study, as occurs when d electrons are assigned to the core (s calculations) and in the case of a FEG. Exchange-correlation effects included in the GW⌫ scheme have two sources, as discussed in Sec. II. First, there is the reduction of the screening due to the presence of an XC hole associated to occupied states below the Fermi level, as in the G 0 W approximation. Secondly, there is the XC hole associated to the excited hot electron over the Fermi level, as in the GW 0 ⌫ approximation. These contributions have opposite signs and it is the latter which dominates.
The impact of XC effects on the lifetime of hot electrons in Cu is illustrated in Fig. 2 The impact of exchange and correlation on either screening or the bare interaction of the hot electron with the Fermi sea, which is significant in the absence of d states (lower panel), is considerably reduced in the presence of d electrons. Moreover, these small XC effects partially compensate each other, leading to an overall effect of no more than 3%. Now we focus on the role that localized d bands play in the decay mechanism of hot electrons in Cu. This issue has been investigated before, 13 by replacing the various contributions to Eq. (15) by the corresponding FEG contributions. Here, we follow a more meaningful procedure. As in Ref. 13 we use Eq. (15) (hence, with inclusion of neither XC effects nor crystalline local-field corrections), but now we replace the various contributions to the full calculation by the corresponding s contributions where the 3d shell is assigned to the core. These contributions are (i) the imaginary part of the dielectric matrix ⑀ G,G ͑q , ͒, which represents a measure of both the number of states available for the creation of e − h pairs and the coupling between states below and above the Fermi level, (ii) the denominator ͉⑀ G,G ͑q , ͉͒ 2 , which accounts for screening effects, and (iii) the matrix elements B k,i;k−q,f ͑G͒ accounting for the coupling of the hot electron with available states above the Fermi level. Figure 3 shows first-principles G 0 W 0 calculations of the scaled lifetime ͑͒ ϫ ͑ − F ͒ 2 of hot electrons in Cu, as obtained from Eq. (15). We start with the s calculation (open squares), which we obtain by assigning the 3d shell to the core in the generation of the pseudopotential. This calculation nearly coincides with the G 0 W 0 lifetime broadening of hot electrons in a free-gas of 4s 1 electrons (dashed line), which must be a consequence of the fact that band-structure effects are almost entirely due to the presence of occupied . These calculations clearly indicate that: (i) occupied d bands yield an slightly enhanced hot-electron decay (reduced lifetime) at the opening of the d-band scattering channel ͑ − F Ͼ 2 eV͒, which is considerably smaller than expected from the greatly enhanced density of states at these energies due to the small coupling between d states below and sp states above the Fermi level for the creation of e-h pairs and (ii) the key role that d electrons play in the hot-electron decay is mainly due to screening effects. We also note that the full diagonal G 0 W 0 calculation (open circles), which includes neither crystalline local-field corrections nor XC effects, is very close to the full GW⌫ calculation (solid circles). This shows that the overall impact of these effects in this material is never larger than a few per cent.
The screening of d electrons in the noble metals was included by Quinn, 32 A comparison between G 0 W 0 hot-electron lifetimes in Cu and those determined from TR-TPPE experiments was presented in Ref. 13 . At low hot-electron energies, the calculated lifetimes were found to be in agreement with the low- energy measurements of Knoesel et al. 9 At larger energies, very good agreement was found with the lifetimes measured by Ogawa et al. 6 at the (110) surface of Cu, the only lowindex surface with no band gap for electrons emitted in the direction perperdincular to the surface. Our results indicate that the inclusion of exchange and correlation does not substantially change this agreement.
B. Silver
We have plotted in Fig. 4 our full first-principles GW⌫ calculation of the average lifetime ͑͒ of hot electrons in Ag (solid circles), as obtained in the ALDA from Eqs. 34 for the lifetime of hot electrons in a thin Ag film (inverted triangles). Figure 4 shows that both in the presence (solid and open circles) and in the absence (solid and open squares) of d states the overall impact of exchange and correlation on the lifetime of hot electrons in Ag is very small (ϳ2%) in the whole hot-electron energy range under study. As occurs in the case of Cu, the two separate sources of XC effects, which are both found to yield significant effects in the absence of d states and considerably smaller effects in the presence of d states, almost cancel each other. We also note from Fig. 4 that at the lowest hot-electron energies there is good agreement between our full G 0 W 0 and GW⌫ calculations and the experimental data, which are both ϳ2.5 larger than in the absence of occupied d states. At larger energies, however, our calculations lie slightly higher than the experimental curve.
At this point, it is interesting to notice that while hotelectron lifetimes in a FEG with r s = 2.67 (corresponding to the average density of 4s 1 electrons in Cu) are larger than in a FEG with r s = 3.01 (corresponding to the average density of 5s 1 electrons in Ag), hot electrons are found to live slightly longer in Ag than in Cu. Both in Cu and Ag first-pinciples s calculations nearly coincide with their FEG counterparts, showing that band-structure effects are almost entirely due to the presence of d electrons. Hence, the impact of d electrons is found to be larger in Ag (with the onset of the d band at ϳ4 eV below the Fermi level F ) than in Cu (with the onset of the d band at ϳ2 eV below F ). Figure 5 shows first-principles G 0 W 0 calculations of the scaled lifetime ͑͒ ϫ ͑ − F ͒ 2 of hot electrons in Ag, as obtained from Eq. (15) by (i) assigning the 4d shell to the core in the generation of the pseudopotential (squares), (ii) including all 4d 10 states only in the evaluation of Im͓⑀ G,G ͑q , ͔͒ (triangles), (iii) including all 4d 10 states also in the evaluation of ͉⑀ G,G ͑q , ͉͒ −2 (diamonds), and (iv) fully accounting for the presence of 4d 10 states (open circles). First of all, we note that it matters very little whether d electrons are included in the evaluation of Im͓⑀ G,G ͑q , ͔͒ or not. This is obviously due to the fact that in the case of Ag and at the hot-electron energies under study, d electrons are too far below the Fermi level to participate in the creation of e-h pairs. Nevertheless, it does not matter how far they are located below the Fermi level for them to participate in the screening of e-e interactions. Indeed, Fig. 5 shows that the screening of d electrons, which enters in the evaluation of ͉⑀ G,G ͑q , ͉͒ −2 , is responsible for the hot-electron lifetimes in Ag being ϳ2.5 times larger than in the absence of occupied d states.
C. Gold Figure 6 shows our full first-principles GW⌫ calculation of the average lifetime ͑͒ of hot electrons in Au (solid circles), as obtained in the ALDA from Eqs. (10)- (12) with the electron density n 0 equal to that of 6s 1 electrons in Au (solid and dashed lines). The converged G 0 W 0 calculation represented in Fig. 6 by open circles replaces the lifetimes reported in Ref. 17 , which were too large by an overall factor of ϳ1. 4 .
As in the case of Cu and Ag, the overall impact of exchange and correlation on the lifetime of hot electrons in Au is very small, now ϳ2%. We also note that our pseudopotential A closer analysis of our G 0 W 0 calculations is presented in Fig. 7 , where various calculations of the scaled lifetime ͑͒ ϫ ͑ − F ͒ 2 of hot electrons in Au is exhibited, as obtained from Eq. (15) by (i) assigning the 5d shell to the core in the generation of the pseudopotential (squares), (ii) including d states only in the evaluation of Im͓⑀ G,G ͑q , ͔͒ (triangles), (iii) including d states also in the evaluation of ͉⑀ G,G ͑q , ͉͒ −2 (diamonds), and (iv) including d states everywhere (open circles). As in the case of Cu and Ag, these calculations show the major importance of the dynamical screening of d electrons, which is responsible for the hotelectron lifetimes in Au being ϳ2.5 times larger than in the absence of occupied d states.
As noted in Ref. 17 , the role that occupied d states play in the screening of e − e interactions is more important in Au than in Cu, although the static polarizable background of d electrons in these materials should be expected to be the same. However, our calculations indicate that 5d bands in Au are more free-electron-like than 3d bands in Cu, thereby allowing Au 5d electrons to be more effective in the dynamical screening of e-e interactions.
IV. SUMMARY AND CONCLUSIONS
We have carried out extensive first-principles calculations of the inelastic lifetime of low-energy electrons in the noble metals Cu, Ag, and Au, in the framework of the GW⌫ approximation of many-body theory. This approximation treats on the same footing XC effects between pairs of electrons within the Fermi sea (screening electrons) and between the excited hot electron and the Fermi sea. Our ALDA calculations indicate that the impact of exchange and correlation on either screening or the bare interaction of the hot electron with the Fermi sea, which is significant in the absence of d states, is considerably reduced in the presence of d states. Moreover, these small xc contributions have opposite signs and it is the latter which dominates, leading to GW⌫ lifetimes that are larger than their G 0 W 0 counterparts by ϳ3% in Cu and ϳ2% in Ag and Au.
We have established the role that occupied d states play in the relaxation of hot electrons in the noble metals. We have found that deviations from the hot-electron lifetimes in these materials from those of hot electrons in the corresponding free gas of valence sp electrons are mainly due to the participation of occupied d states in the screening of e-e interactions, no matter whether occupied d states can participate (as occurs in Cu and Au) or not (as occurs in Ag) in the creation of e − h pairs. Au 5d electrons lie further away from the nuclei than Cu 3d electrons, thereby occupied d states in Au being more capable to screen the e-e interactions than in Cu. The dynamical screening of d electrons yields lifetimes of hot electrons that are larger than in the absence of d states by a factor of ϳ2 in the case of Cu, and by a factor of ϳ2.5 in the case of Ag and Au.
We have found that our G 0 W 0 calculations of the hotelectron lifetimes in Au are in excellent agreement with the corresponding all-electron LAPW calculations reported in Ref. 21 , which gives us confidence in the accuracy of our pseudopotential calculations. Our G 0 W 0 lifetimes are found to be ϳ20% larger than the corresponding all-electron LMTO calculations reported in Ref. 18 , which should be attributed to the atomic-sphere approximation used within the LMTO scheme. We also note that our G 0 W 0 lifetimes of hot electrons in the noble metals are systematically higher than those reported in Ref. 16 , especially at the lowest energies. These authors obtained the lifetime broadening as the full width at half maximum of the so-called spectral function, which they calculated in the G 0 W 0 approximation. Apart from a renormalization factor which accounts for the deviation of the hot-electron energy from its noninteracting counterpart and which increases the lifetime by a factor of ϳ20%, the lifetimes obtained in this way should agree with our 34 . At the lowest hot-electron energies there is good agreement between our calculations and the experimental data. At larger energies, our calculations are found to lie slightly higher than the experimental curve.
